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BOUNW7Y-LAYER-C4)NTROL TESTS OF TWO WINGS
...

IN T=’ LANG&Y PROPELLER-RESEARCH TUNNEL1
. .

BY R@ B. Freeman

SWARY

Tests of two wings were made in
ler-research tunnel to determ%ne the:
obtainable by boundary-layer. control

}
. .

the

. . .

.,m

Langley propel-
increase in lift - :
and to determine

the power required fo~ th~ blower. One wing, designated
the stub wing, had a 6.5-foot span, a ~.~-foot chord,
and a maximum thiclmess of 0.30 chord and was fitted with
large end plates; the second wing was an NACA 2415 airfoil
of 16-foot spsn and 2,6T-foot chord and was test-edfi%h-
out a flap, with a plain flap,~”and.wi.th..a Zap flap.

Lift coefficients of about”5.2 were obtained for
the stub wing either by the suction or.m pressure method,
but the pressure method required several times more power
than the suction method, . .!Thebest slot location for this
wing was found to be nem the.?nIdchord posi-tion. A single
suction slot was more effec”ti.wethan any multiple:”slot
arrangement when the ssme pressure was applled to all .

slots ●

%his report i.s.a revised ati ‘e@ite,dversion-of a. paper ...
that was originally pmpare”illu April. 193 .

2
At that ~ .

time the”,paper was not publish@ ‘and was g ven only- . --
...-._.

limited circulation because It was expected,ev~n~~ally”
to expand It:tg include the.results of further, ,mQfie ..
extensiva; “studies. The pfioposed studlkiswer~ not. com-
pleted, however, “and,the report Is being publi.she~ now -
in response to.recent requests” for ,this information.

-..

In the absence of the author, the rqvislon”haa been. fiade
by Dr. S, Katzoff am Mr. P. K.”:Pierpon.tof tM” Larigley
Laboratory. It should .benoted that seVeral minor qtie”s-’
tions that arose on careful examination of the restalts~
could not be clarified because the original data are
not available. ..
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Fbr the NA5A 2.!@5.witig,which.was tested only with
suction, the best slot po-~:tion,:w~~between 0,.11md.
0.20 chord from the leading “&&e for either the plain
wing -or the wing. W1th a.zap flap. For tti ki.iigwith a
plain flap, a slot on the flao just behind the h~nge
required least auct-lmn power ‘ad provided high max.lmum
Mft- c~fficients at angles of attack In the practical
range. Slots near the flap M.-hge appear to be effective
In maintalnir.g high llfti-curve slope end high flap effec-
tiveness, but those ne&r the laading edge ,are moye
effeotive in holding tihwflow at-high angles of attack.
Maximum lift coeffloients were about 2.8 for the plain
flap snd about 3.1 for the Zap flap. some tests or the
plati..ting.wivn .a slat at 0.93.”chord showed an appreciable
5.ncreasain the lift-drag ratio (where the drag included
the b:lowerdrag) for the take-of’fand climb range.

INTRODUCTION ... ..

.

Xmndary-layer-control tests made with small models
at the Langley Laboratory (referen.oe1) and elsewhere
(reference 2) -have shown that cent.rul of the boundary
layer offers “a powerful means of .inoreasing the maximum
lift nnd the range of angles of attack for safe flylng.
In the wof% for the present report large model wings
were tested in the Langley prdpeller-re se”archtunr.elin ““”
an eff’ortto obtain “more information on the practica-
bility of tlie:method.

(he set of tests was made of a stub wing of 6.5-foot
span, ~5-foot-chord, and a mafimum thickness of 0.30 chord,
fitted with large end plates to inorease the effective
aspect.ratio and tomake the flow more nearly two-
dlmemional. The great thickness and short span faoili.-
tat%d the tests because the blower could be insttiled
dj.reotly Inhide the wing and because the mecha.ntc~ work ,
involved in wakin~ changes would ,.lmjsimpllfied. Fgr the
second set of t“ewtsa conventional wing of aspeot ratio
6, 16-_foot~pan, and thickness of O.1~ chord was used,
arranged above a ‘lfuselage IIin which the blower was
housed. This wing”was also tested with plain and with
Zap flaps.
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MODELS AND TESTS,,~ -

,. ..

For the first series of tests, the stub.wing and the
arrangement of.ths end plates am ,shown in figures 1 and 2,-
and the airfoil ordinates are “given in table I. Ikmndary-
layer control on this wing was effected,both by sucking —_
the boundary layer into the ting:through spanwise normal-
opening slots and by discharging air through spanwise
backward-~pening slots. (See fig..3.) Various slot loca-

...____

tions, slot sizes, and wing inte~al pressures were
tried in both cases. The motor-driven blower served for
both types of boundary--layer control and inducted or
dischar~ed the air through the end,of tke wing. .. ..-,

The conventional wing usqdfor thq second series af
tests had a 2.6

1
-foot chord with ”the NACA 2~15-airfqil

section (fig. 4 . This wing was .t9ste,donly with suction,
and the blower dischar&ed the indu.ot%dti$r-”-through,the
rear of the fuselage. The wing was fitted with a
0.30-chord full-span hinged trailing-edge flap that could
be deflected 15°, 300, 450, or 60@. A removable 0.25-chord’
full-span zap ftip.was also.tested, but at only one flap
ang”b (5Q0 to the chord line).

..
... .

For the stub-wing tests the airspeed was approximatel~
~.Omiles per hour. F“orthe NAOA 24.1’5wing of aspect
ratio 6, the airspeed was reduoed to”about 30 miles per
hour for most of the tests.in o~~er to~ttain large
ratios of wing pres’s.ureto dyn~li: pre.ssjire-with the .
low blower power availa~.le. .A few tqsta wqre also Wde
at an airspeed of approximately 60 piles per-hour” to
determine the effect of bounda~-layer ,control on the
drag characteristics, especially i~,the range of lift
coefficients corresponding to,the take-off and climb
conditions. . -----

., .OW “-
. Sxhmcms, ‘ . “ ~:,g’y #$}-.il/.
, .-

C airfoil chord.. .:.”: ,. :;

b airfoil span . .% “.‘

V. freq,-stream velocity —.. _. .-—
Po free-stream static pressure ..-...— ..
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Cl. free-stream d~amic pressure

?T~ total pressure inside ~ng

Q volume rate of.flow through slot; positive for
flow ent-erf.ngthe slot .

P power input to blower.

crJ
Mft:ooefficlent
,. ..-— —.-

‘drag coefficient”
..

CD : ...

CD, induced dra,~ coefficient .— —.
J.

“-internal wi~ preesurOfl~ ,,.

‘a ~
volyqnetric coefflci.ent

c% ideai-blower drag coefl?ici.ent
(icleal)

tt+ ‘Hh))

(C%(l.deal)
is the drag”coefficlen$ .

equivalent-to the power required (100-pbhcent
blower efficiency’ =smmed) !1) for ““
suction slot9,*o’dischar&e, Rt fr&e-
stream total pressure, air witMrsw ,fr~.
the bdundary layer arkl (“2.)for gm~q-
sure slots,tn increase the prassurG of the
incoming air, assumed to enter with tie’:””
free-stream total .pressure,”enough to .
discharge the desired quantl~,of ~r
Int-uthe boundm?y layer at a given total
pressure %) .

c% blower drag coefficient; drag coefficient equivalent
to power Input .to blower

(-) “

CDT total drag coeffl~ient
( )
CD + cDb{id9”al)” “

‘Ihe.blower drag coefficient “.GPO is tisbd~~or-:con-
venien:~ein comparing results of severtil-of the-present
tits: -however, the ideal Mower drag coe~ficient is used
when ccmparjsons with results of other inv~atlgations are
made.
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. . RESULT!5AND

Sttib
b

DISCUSSION . - .,

wing . ‘-”

..
—

.!
Pressure .slots.- Typical lift curves for a backward-

opening pressure slot on the stub .,yingare shown in
figure 5 for “f~ur valueq of tbe wing pressure cotifficient
and are compared with the lift cmve for the wing with-
out boundary-layer control? The.low llft-curvq slope
resulted from the low effectiv?$aspect rat30 of the wing.
For an aspect ratio of 6, a,~igt coefficient of 3.@ wquld

. occur near 30° angle of attqck as determined by extrapa-
lating * curve for cEb = 10.20 (fig. ~);to zero Ilft

..:---
and computing the angle of attack for the new aspect. - “,.
ratio. In f~gure.6 the maximum lift coefficient ~s “
plotted_against blower drag coqfflcxent foti”each-=lok. ~
Within the range tested tine0~O075c slot at ,0.4.2cappearq
to require the smallest blower drag coefficient for a
given maximum lift.

SiWle suctton slots.- &pical lift curves for t~ “
stub wing with single suction slots Sre qhown in f’tgure 7,
and plots. of maximum lift coefficient. against blower drag
coefficient for each Slot are sho~ in.figure.8. The
most interesting, features of “the cq.rve.sare, t~ low preS-
sure coefficients %b and the low blower,drag” coe~ff+:.;.... .
cients

%
required-in .compar.isonwith ~h~se for the.

.. ,,m.-*,.;.
pressure slots.(figs. “5 and 6). “Of the slot.qtested,
the nmst efficient, appe~ to be t@6 Q.03c, 0.@5c, :
and 0.06c suct~~n slots at O.~~c.,:.,The highest xq.axt~..
lift coefficiqnt:(3,.2) was obtain-d with a c).061c slot,

7at 0.5.4c,with &blower drag ooeff q}ent of 0.07. “Ngarl~~.
the same lift”co~ffic~ents.were ob~a$ngd with a preasuti@u
slot at.Q.&2c,, but the-plower drag .q~ff$cient was sevemal
ti~es.”as much. A few t.estslfor whlph.the data are not.,-.
shown, .wpre made with a .O.Q15C for~am-opening su~tion. ..
slot.at 0j50c,; these. slots were found.to re~ai.re 10ss- -
blower po~r tkm.n the best pres.qlire~typeslot but.r,ore,~~~”j
than tk best normal.-openihg Suctiorislot. ,’...-::”:

~!ultlple slots .-. A @w wl$iplq-slo$ .qrrage~nts
were tried wi.th,both:methoda. of ,contrql.-.,me i+-filts-.f~r ‘-”
the best o~ each type am .shown.in tlg~q 9. Etich err~e-
ment. shqwr.+ad tw~ slotsj except ops that hAd.23, ve~.. ..
narruw. a.~~tss~ced O.Q~C spa@.. Wonero$ these arranger,
ments apppar$ a-sfavora~le aa the,best. s@g~6 s~tiop ! ,-.
slot. : -, - .....’.:-:,”..:,”,:----,.:-.”,,,:.,;”..-z=.: .:

-.
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,Comparlson of results of stub-wing tests.- Xn
figures 10 and 11, respectively, the maximum Mft coef -
ficientiof the stub wing is plotted against ideal-blower
drag coefficient and volumetric coefficient for t~ most
efflcl”ent of’the adrangetnents tested. - In figure 11 the
curve_for theisl”otat 0.54c shows that the volume of air
requf.z%”dto obtain a given lift coefflclent+s independent
Of’”tllsslat Width. For comparisori,results are also shown
for tlze0.lJ50w~ng tested with pre”ssure control in
reference 1 and for the O.)+OCwing tested with suction
control in referenoe 2, As already indicated, the-suction
slots are seen to be several times more efficient than
the pi?emsure slots, because tho~requi.re both smaller
pressure ooef’flciOnts and smaller volumetric coefficients.
The ocwnparlson with the results for the wing of reference 1
Is merely a further example Of tli~fact that baundary-
layer control increases maximum lift more easfly on a
thick wing’ t~~”an a thin wing.

.

NACA 2&15 WltrW
&

\

.

.&lot taper.- Only the suction type of slot was
tested,on the NACA 2.h15wing of 16-fo~t span. With a
large .span and a comparatively thin wirI&,some diffi-
culty in obtaln~g uniform spanwise di.stiibution of the
quantity of air..sucked off was snti.clpa~ because of
the flow losses inside the wing and the lno~ase In the
veloclty of flow from the tip to the center of the wing.
TMs distribution presumably would be unl.formff the
produot of the slot width and th6 squ~e root of the
pressure difference across the slot were imifor”m. For
this series of tits, the slot that was used for all
wing omfiguratbna ,was tapered from a width ofO.023&o
at the...centerto c1.0350cnear the tip - an arrangement
that satisfied tha proposed criterion for a high-lift
con~tion of the platn wfng. It should be noted that,
even w:ltha-tapered slot, the thin wing is handicapped
beoaus-i~an“excess 8uction must be.pravided ~oughout

—_.

the span in order to provide the nlnimum suction requtred
near the wing tip. . .. -. --

~.d.n wing.- Lift curves for the plaln.wing am
shown in figure 12 for six slot locati.ans. The blower

● ✎ ✍

speed was c6nstant for these curves mid tti”blower input 4
power approximately so.” Figure 13 shows ‘maximum lift
coefficient for the sanp slot~ldtted” agqlnst ideal-
blower drag coeffi.oi.6nt. The best slot location appears
to lie:between O.llc and 0.20c from the nose; far this

.-

. . ..

. -
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looation, the matinmm lift coefficient 2.6 i,s,obtalned
with an ideal-blower drag coefficient of approximately 0-.3.
The slot effectiveness decreases steadily as the slot is
moved toward the trailing edge, ...._. -.-—

‘Wingwith plain fla~.- MO slot locations were
tried for the tests of the wing with .the plain-flap; “’-””~”
namely, a slot on the mti-wing 0.20c,b8hlndths”leading
edge, and a slot on the flap itself.at 0.73c (or CT.Q3C
behind the hinge). The.results. for a range- of f.hp
deflections are shawn in figures ~ and 15. Por the
slot at 0.20c, the maximm. lift for all the flap an’gles
Is somewhat greater th~ for t~ wing with~ut the flap
and, in all cases, the stall occurs at an an@e of ‘. ““
attack above 30°. The slope of tti.Mft.curves, however,
is less than ‘forthe plain wing (0° flap setting) prob-
ably because of separation of the flow on the flap Ltse”lf.

The curves for the slot on the flap (fig. 15) show
about the same slope as for the plain wing; b.owever,
because of’inc~~sed flap effectiveness, the”securves for
the several flap magles are s~ted about tie-e 3-s ES.
much as those for “the slot at 0.20c (fig, ~). only two
of’the flap angles - 300 and 450 - gatiemaximum Mft
coefflcien”ts gre”aterthan that far the best condit’~onOT

—._J.

the,plain wing wtth boundary-layer control (fig. 12),..but
these maximtm lift cos.fficients were “obtained ~t very ..
much lower .a.nglssof attack, a“ck.arscte%istlc that is of
considerable ~racticai import ance.- -“- ...,..— .- -... .-

Because slot locations near the flap ht~e thus 9 -
appear to be effective in maintaining high lift-curve
slope and lilghflap effectiveness,. and those npa”r the
leading edge are more effective -in holding the flow at .“
high an@.es of attack, twc slots, one at the front and “.
one at the rear, appear to ,be desirable. .“..,.. .,..

Ftgure 1.6. shows maximum lift coefficient plotted
against Ideal-blower drag coefll.citint,fdr the”most ‘-“’”‘“’
efficient arrangements of the plain and “flapped wing.
All the flap arrangements ap.pear to be more efflctint :
than the plain wing, and. the highest .~tiimiunlift (2.84.)
w 96 obt.sine.d.T4en the slot was -loc&ted-on .th6~~ap ““~ti-t”
behind the hinge. , . . .. .

.Zap flap.- Results for the wing with the Zap flap
(fig..17) are similar to those for the plain wing--- ~e
slope of the lift curve Is very little affec”ted by “.

—

..—.-
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bounclary-la~er control, snd the Increase “fn lift with
control is obtained by delaying the stall to higher
angl~s of attack; for this purpose the slot at 0.20b
apDears most effective.

IW&ure 18 shows -maxi.m~ lift coefficient plotted
agains~ldesl-blower drag coefficient. The Zap flap
with–=.uctfti at 0.20c provfded tb.ehighest lift ~oef-
fici.ent (3.2) obtained with a single suction slot in
these tests of the.high-aspect-ratio wing. A.comblnatian
of two slots,AO.C@ and 0.73c, however, jlslde”da
sllghtly h%gher rnaxl.gqmlift coeffloi.ent but required a con-
siderably larger ideal-b~wer drag coefficient through-
out the entire range. A comparison of the ma.xlmuiilift
~oeffici~t obtained without a control slot with the
values obtained with the slot looated nefir the leading
edfieizldicates that a small amo~t oj?.power Is required
to Ow-iotis.the adverse effects of the slots. A com-
parison tith-the best .of”tke other arrangements is shown

i in figure 19.

Drag reduction for take-off and climb.- Some
additional tests of the plaln wi~ngwere made with a slot
at O.~lc in order to investigate the possiMlity of
achlevlng a net increase In lift-drag ratio for the ra~,e
of ldft coefficients or interest for climb aqd take-or”f.
These ”tests were made at a lzmnel speed of 30 tiles pel?
hour.” The rear slot location appeared the most loglcal
with “rasqedt @ pcono~ of blower powers because the
veloc:L~yIn the boundary layer Is lowest in that region
and the pressure on, the wing is ~ghes- ..Theexhaust .
veloci-t the rear of the fusela~e “was appro>lmately
equal-to the tunnel velocity for t~ese tests,

The.polars..with &d ,witnout control are compared in
figure 20 with the induced-drag polar cD~ for a wing.—
of asp~~t ratio 6. The tital drag coefficient CD,. Ill!.-
the sum of the’measuz%d drag coeffici.enti Cu Iand deal-
blower drag coefficienlr”””C

%dsal)”
Eecause of.thO.

,.
large reduction in pro~i.i.edrag in the range of lift
coefficients corresponding to take-off and climb, a net
increase is shown in the lAft-drag ratio for this range.
The mfntmum drag is increased sotilewkatby boundary-layer
control,

.
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SUltliAliYOF ~SULTS .

.

Results
tests of two
obtained and

are presented of boundary-layer-control “
wings to determine the Increase irilift ‘-
the Dower reauired for the blower. One “- - ~~ .-=

wing, tested with-both .pr~ssure.and suction, hqd a
6.5-foot span, a 5.~-foot.chord, am an alz$oil sectidn
of O.30-chord” maximum thiclmess and,was” fittejdwi%b.
large end plates. The other wing, tqgted with suction”
only, used an NACA 2415 airfoil and had a 16-foot span,
a 2.67-foot chord, and was tested without a flap, with - .._
a plain flap, and with a Zap flap., A S~~??y of t~ -
results fullows: ------ ,“

.

1. For the stub wing of 0.30-chord maximum thick-
ness: ..

(a) A lift coefficient of about 3.2 wa~ .o.btainedw&%
a suction slot at 0.54 chord and at a power ti%~e”nditure-
corresponding to a blower drag coefficient of 0.07.

. .

---

.

(b) Nearly the ssms lift coefficient was obtained
with a pressure slot.at 0.42 chord as with. the slot.at

.—--

0.54 chord, but the blower drag coe~ficient was.several ““” :
times as much, .

(o) A single large suction slot near the midchord,
of the wing was more effe~tive than any multiple-slot
arrangement when the same suction was applied to al-l
slots ,

2. For the NACA 415 wing:

(a) With the plaln w~ng or the wing with a Zap i’lap,
the highest ma.xdmum lift coefficients were obtained”-with
the slot between 0,11 and 0.20 cliord from.the Ieading
edge, with idea-blower dr~ coeff~cients of about 0.3.
W maximum Uft coeffflcients were about 2-.,6 md 5.2 for -
the plaln wing a@. for the wing”,w-~.ti.ht% Zap flap-, -
respectively. ..>”. .-” - .-. -

..
(b) With.a plain flap, least po-wer for the.h@hest

maxlmum~ft obtained was requirad” when the slot was
located on the flap just behind t!hqli~nge~and “the”
angles of attack reqtired for maxlrnhy-li,ftwere more
nearly in tie praotical range than those required by
the plain wing. .-....____

.
-—

-
... . ..-.

. .,
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(o) With a plain flap, slot locations near the flap
hinge appear to be effective in maintaini.~ hZ@ lift-
curvo slope and high flap effectiveness, but those n-ear
the leading edge.are qore effective in holding the flow
at high angleq ofittack.

(d) With the plain wing with “aslot atO.91 ohord an
appreai.able increase in the lift-drag ratio (where the
drag.jnoluded the blower drag) occurred for the take-off .
and climb range. “.

.-

Lang~ey Memorial.Aeronautical Laboratory
Fatlonal--Advisory Co?nnitteefor Aeronautics.—

Langley-Field, Vs., J~Y 23 s 1945.E
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TABIE I.- ORDINATES FOR 30-PERCE?T-T21CK WING

Upper surface LOW r surfaoe
(percent chord) (percent ohord) (percent chord)

o 10.08 10.08

1.25 . 15.58 6.05

2“5 18.00 4.50

5.0 21.30 2.70

7.5 23.75 1.61

10.0 25.70 .89

15.0 28.10 .29

20.0 29.40 ● 045

.30.0 30.00 c)

40.0 . 28.55

50 25.35
I

60
●

21.15

70 “16. 50

80 11.28

?0 5.70

95 2.79
,1

100 0,

NATIONAL ADVTSORY
COWITTEE FOR AEROl?AUTTCS
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Fig. 1

SeotionA - A NAtlONAL ADVISORY
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mguro 1.- Stub Wiq Or OmSOO thiokme~s and blower
for boumhry-layer-oontrol tests with proamare-
nlot arrangementshown.
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Fig. 2
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Figure 2.- Stub wing of 0.30c thickness mounted in.t”he
Langley propeller-research tunnel.
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~lgure 4,- NACA 2415 wing model mounted in the Langley propeller-reeearch tunnel .
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